Outward membrane currents were characterized in single coronary smooth muscle cells of adult beagle dogs. The cells averaged 96.4x7.1 fim and had a resting potential of-50.7 mV, an input resistance of 307.9 Mil, a capacitance of 323 pF, and a calculated membrane surface area of 4,037 fJLia 1 . The cells contracted in response to external application of acetylcholine or high K*. In voltage clamp by use of the suction pipette method, outward current began to appear at -50 mV and reached 15.2 nA at 50 mV with a current density of 376.5 fiAJcm 2 . The current was reduced by external tetraethylammonium, Ba 2+ , and internal Cs + , and its reversal potential had a Nernst relation to external K + concentration. Elevation of external Ca 2+ (Ca 2+ 0 ) from 0 to 0 3 mM increased total K + current by up to 300%; elevation of internal Ca 2+ (Ca 2+ ,) to 5xlO" 7 M by internal perfusion increased total outward current to a similar extent, suggesting a large difference in Ca 2+ transmembrane sensitivity. Total whole-cell K + current consisted of two components: an initial time-independent current (I,) followed by a time-dependent current (IJ. Ii and It were through separate K + channels based on differences in a) sensitivity to Ca 2+ O , b) modulation by an inward Ca 2+ current, c) current amplitudes and activation kinetics, and d) responses to pharmacological agents. I, was the largest component, measuring 4.5 nA in 0 mM Ca o but increasing to 11.9 nA in 03 mM Ca 2+ O with a steep 2.5 power function. I, activated with a biexponential time course; in Ca 2+ o -free solution, its time course was relatively insensitive to voltage changes but became voltage sensitive in the presence of Ca 2+ 0 . Further, such sensitivity was abolished or enhanced by Co 2 * or Bay K 8644, respectively. We concluded that there are two types of Ca 2+ -sensitive K + currents, l t and I,, in coronary smooth muscle cells. Via an inward Ca 2+ channel Ca 2+ 0 strongly modulates I,, both in amplitude and kinetics.
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Outward membrane currents were characterized in single coronary smooth muscle cells of adult beagle dogs. The cells averaged 96.4x7.1 fim and had a resting potential of-50.7 mV, an input resistance of 307.9 Mil, a capacitance of 323 pF, and a calculated membrane surface area of 4,037 fJLia 1 . The cells contracted in response to external application of acetylcholine or high K*. In voltage clamp by use of the suction pipette method, outward current began to appear at -50 mV and reached 15.2 nA at 50 mV with a current density of 376.5 fiAJcm 2 . The current was reduced by external tetraethylammonium, Ba 2+ , and internal Cs + , and its reversal potential had a Nernst relation to external K + concentration. Elevation of external Ca 2+ (Ca 2+ 0 ) from 0 to 0 3 mM increased total K + current by up to 300%; elevation of internal Ca 2+ (Ca 2+ ,) to 5xlO" 7 M by internal perfusion increased total outward current to a similar extent, suggesting a large difference in Ca 2+ transmembrane sensitivity. Total whole-cell K + current consisted of two components: an initial time-independent current (I,) followed by a time-dependent current (IJ. Ii and It were through separate K + channels based on differences in a) sensitivity to Ca 2+ O , b) modulation by an inward Ca 2+ current, c) current amplitudes and activation kinetics, and d) responses to pharmacological agents. I, was the largest component, measuring 4.5 nA in 0 mM Ca o but increasing to 11.9 nA in 03 mM Ca 2+ O with a steep 2.5 power function. I, activated with a biexponential time course; in Ca 2+ o -free solution, its time course was relatively insensitive to voltage changes but became voltage sensitive in the presence of Ca 2+ 0 . Further, such sensitivity was abolished or enhanced by Co 2 * or Bay K 8644, respectively. We concluded that there are two types of Ca 2+ -sensitive K + currents, l t and I,, in coronary smooth muscle cells. Via an inward Ca 2+ channel Ca 2+ 0 strongly modulates I,, both in amplitude and kinetics. (Circulation Research 1989;65:1718-1734) P otassium channels are essential for the regulation of membrane potential in all cells. In vascular smooth muscle, hyperpolarization consequent to K + channel activation causes the Ca 24 channels to deactivate, leading to relaxation of the muscle. Vasodilators such as minoxidil, 1 -2 BRL34915, 3 and pinacidil 4 are thought to derive their vasodilative properties through the K + channel pathways.
Although K + channels can be studied with a variety of techniques, the single-cell voltage-clamp method provides the most reliable means of measurement that has been applied to a variety of smooth muscle for measuring K + currents. The diversity of K + channels thus identified is great. In whole-cell voltage clamp, the current most often described is a Ca 2+ -activated, time-dependent current of large conductance that is found in cultured aortic cells, 5 rabbit pulmonary artery cells, 6 toad stomach cells, 7 -8 rabbit and guinea pig stomach cells, 9 rabbit jejunal cells, 10 and guinea pig urinary bladder cells." Spontaneous transient outward currents (stocs., loo) have been described in rabbit jejunum and ear artery cells 12 and in intestinal smooth muscle cells. 13 These currents were shown to be activated by sarcoplasmic reticulum Ca 2+ release. Transient outward K + currents (I,,,) have been described in rabbit portal vein cells, 14 in toad stomach smooth muscle cells, 8 and in guinea pig urinary bladder. 11 Finally, an inward rectifying current similar to the cardiac cells and sensory neurons was identified in rabbit jejunal cells. 15 Most recently, a time-independent K + current that was strongly reduced upon Ca 2+ O removal was described in rabbit portal vein cells. 14 Single-channel recording has consistently reported a large Ca 2+ -activated K + conductance in canine tracheal muscle, 15 toad stomach, 17 -18 rabbit jejunum, and guinea pig mesenteric artery. 19 In rabbit portal vein, 20 three types of unitary conductance-Kg, KM, and K^-were identified based on differences in slope conductance, sensitivity to tetraethylammonium (TEA), Ca 2+ , and voltage.
In coronary smooth muscle cells, K + channels have not yet been studied systematically by use of the single-cell voltage-clamp technique. According to whole-tissue experiments with intracellular microelectrodes, mammalian coronary arteries are electrically unexcitable unless TEA is applied, in which case calcium spikes occur in the normally quiescent tissue. 21 These observations suggest that electrical excitability and possibly contractility of the coronary smooth muscle cell membrane is strongly regulated by a TEA-sensitive K + conductance.
The objective of the present study was development of a fresh, pharmacologically reactive single smooth muscle preparation from adult dog coronary arteries in which the characteristics of the outward K + currents could be examined directly. To measure membrane potential in this preparation, we used microelectrodes on nonperfused cells so that the value could be compared directly with the microelectrode experiments on intact tissues. To accurately measure the large K + currents, we used the lowresistance suction pipette method for voltage clamp and continuous internal perfusion. We found that these cells had resting potentials comparable with intact tissues and responded to external acetylcholine (ACh) and high-[K + ] o application. The K + currents were very large and sensitive to both external and internal Ca 2+ . Two types of K + currents, one time-independent (I|) and one time-dependent (I t ), were identified; I t was found to have several interesting properties not reported previously. Some of the results were disclosed in abstract form. 22 
Materials and Methods Tissue Source and Preparation
Vascular smooth muscle cells were isolated from coronary arteries removed from freshly excised hearts of adult beagles anesthetized with pentobarbital (30 mg/kg). The vessels (ranging from 0.5 to 1.5 mm i.d.) were placed in Tris-buffered Tyrode's solution (0 raM Ca , pH 7.3) at room temperature and carefully cleaned of fat and adventitia. Cleaned vessels could be dissociated immediately or stored for up to 48 hours at 4° C in Tyrode's solution containing 1 mM Ca 2+ and 1% bovine serum albumin (BSA, Sigma Chemical, St. Louis) at a pH of 7.3. For dissociation of the stored vessels, gradual warming to room temperature with oxygenation (95% O 2 , 5% CO 2+ ) before enzymatic dispersion was required. In early experiments, vessels were sorted by size to determine if pharmacological reactivity and electrophysiological properties varied with vessel diameter. No differences were noted, and subsequently these larger coronary vessels were pooled to provide sufficient tissue for two to three dispersions. Cleaned vessels at room temperature were minced and placed in a small volume of Ca 2+ -free Tyrode's solution (pH 7.3). Vessel fragments were gentry agitated by a glass stir bar at 50 rpm while the temperature of the solution was raised from 22° to 35° C over 10 minutes. The Ca 2+ -free solution was then removed and replaced by 5 ml of 50 fiM Ca 2+ Tyrode's solution containing 350 units/ml collagenase (Type II), 34 units/ml elastase (Type II aqueous suspension), 0.1% taurine, 0.1% BSA, and 200 units/ml soybean trypsin inhibitor (all Sigma Chemical) (pH 7.3). The mixture was incubated with gentle stirring at 35° C for 40 minutes. When individual smooth muscle cells appeared in the solution, the mixture was centrifuged at 1,380 rpm for 10 minutes with a Model 228 bench centrifuge (Fisher Controls, Marshalltown, Iowa). The loose pellet was resuspended in a wash solution of 300 /i,M Ca 2+ Tyrode's solution (pH 7.3) containing 1% BSA. Single vascular smooth muscle cells were separated from the vessel fragments by gentle pipette agitation.
Contraction Experiments
The responses of single coronary smooth muscle cells to high K + and ACh were evaluated from photographic records. Cells were allowed to settle into a 1-ml recording chamber mounted on the stage of a Model ICM 405 inverted microscope (Carl Zeiss, Thornwood, New York). The bath was superfused with Tyrode's solution (pH 7.3) at 35° C. A small glass pipette filled with 100-mM K + Tyrode's solution or 10" 2 M ACh was positioned 15-20 /un from the cell. A second glass probe was placed next to the cell to hold it in place. High-K + or -ACh solution was applied by small positive pressure pulses through the pipette for momentary ejection of the contents. Cell shortening was expressed as percent change from control length.
Scanning Electron Microscopy
Scanning electron micrographs were made of coronary smooth muscle cells prepared according to the method of Boyde and Vesely, 23 adapted for use with vascular cells. Cells in suspension were fixed with glutaraldehyde and stained with osmium and urinyl acetate. Gold-coated specimens of the cell suspension were photographed with M55 film (Polaroid, Cambridge, Massachusetts) on a Model T-3000 scanning electron microscope (JEOL U.S.A., Peabody, Massachusetts).
Microelectrode
Recordings Single coronary smooth muscle cells were impaled with KCL-filled glass microelectrodes (3M, St. Paul, Minnesota). Microelectrodes were pulled on a Model P-77 micropipette puller (Brown-Flaming, San Rafael, California) and had initial tip resistances of 60-80 MO. Membrane potentials were recorded with a Model 8100 electrometer (Dagan, Minneap-olis, Minnesota) whose output was amplified with a Model AM 502 differential amplifier (Tektronix, Beaverton, Oregon) before display on a Model ES 1000 recorder (Gould, Cleveland, Ohio) and a Model 5113 dual-beam storage oscilloscope (Tektronix). Resting membrane potentials were measured when the electrode potential made a sharp negative drop and reached a steady level for at least 5 seconds. Preparation temperature was maintained at 35° C.
Suction Pipette for Voltage Clamp and Continuous Internal Perfusion
A single coronary smooth muscle cell was voltage clamped and internally perfused by use of the voltage-clamp technique developed by Lee et al. 24 Internal perfusate was delivered inside the pipette to within 200 /xm of the cell at a rate of 1 ml/min by a glass micropipette connected to the perfusate reservoir. During recording, the bath was superfused with Tris-buffered Tyrode's solution (pH 7.3) at a rate of 3 ml/min.
A Model PDP 11/73 laboratory computer (Digital Equipment, Marlboro, Massachusetts) equipped with D/A and A/D converters (Cheshire Data Interface with DT2782A, Data Translation, Marlboro, Massachusetts) and custom programs written in BASIC 11/23 for RT11-SJ operating language were used for experimentation and data analyses. Command pulses generated by D/A converters were fed to the voltageclamp circuitry 24 to elicit cell responses which, after amplification and filtration at a bandwidth of 3 kHz above the -3 dB point (AM502 differential amplifier, Tektronics, Beaverton, Oregon), were sampled by the computer. When leak subtraction was performed, cell leakage current was estimated by averaging twenty 10-mV hyperpolarizing pulses, which were then scaled linearly by the computer to the appropriate voltage step and subtracted from the raw traces for net current. Membrane currents were sampled at two rates: 1) an initial rate of 0.5 msec per point for 50 points, followed by 2) a 5-msec sampling rate for the remaining current trace. Time constants for the outward current were determined by use of a nonlinear least squares curve-fit algorithm. Goodness of fit was tested by superimposition of a reconstructed current generated with constants extracted from the fit to the original current. We used the equation
Y=Y, exp< T/rl >+Y 2
where Yj and Y 2 were the respective amplitudes of fast and slow components and T X and T 2 were the respective time constants. For estimation of series resistance, the capacity current transient was sam-Rle,d by a Model 4096 digital oscilloscope (Nicolet Instruments, Madison, Wisconsin) at a rate of 0.5 jisec per point. This transient could be fitted to a single exponential in the form of Y=A o eA rfkT) . The time constant (T) for the transients was 68.1 ±6.9 /isec (n-18). Upon integration of the transient for total charge, membrane capacity (Q,,) per cell was calculated to be 32.3 pF. Series resistance, estimated as the ratio of T to C m , was 2.1 Mfi; this resistance was mostly compensated electronically. The resulting capacity transient decayed with a time constant of about 12.8±5.2 fisec, and residual series resistance became 0.4 Mil. Given a maximum current at 50 mV of 15.2 nA, the distortion was about 6.08 mV.
Solutions
The standard Tyrode's solution contained (mM) NaCl 137, KC1 4, CaCl 2 2, MgCl 2 1.05, glucose 5, Tris HC1 3.17, and Tris base 0.83. For voltageclamp experiments, sodium-free solution was isotonic, containing (mM) mannitol 250, KC1 4, CaCl 2 2, MgCl 2 1.05, Tris HC1 3.17, Tris base 0.83, and glucose 5. In Ca 2+ -free external solutions, CaCl 2 was either omitted or replaced with equimolar MgCl 2 . Internal dialysis solution was composed of (mM) K 2 HPO 4 58, KH 2 PO 4 35, glucose 5.5, Mg-ATP 5 (Sigma Chemical), creatine phosphate 5 (Sigma Chemical), and EGTA 10 (pH 7.1). For intracellular Ca 2+ perfusion experiments, 6.5 mM CaCl 2 was added to the above K + solution; intracellular free Ca 2+ , estimated by the Fabiato and Fabiato calculator programs 25 by use of their absolute rate constants, came out to approximately 5xlO" 7 M ( p Ca=6.3). Cs + internal solution contained CsOH 151 mM adjusted to pH 7.1 with H 3 PO 4 114 mM and glucose 5.5 mM.
ACh was prepared fresh daily as a 10 mM stock in Tyrode's solution and kept cold until use. High-potassium solution was made by replacement of appropriate amounts of Na + with K + . Similarly, TEA and Ba 2+ were appropriately substituted for Na + in these experiments. All voltageclamp experiments were performed at room temperature of 23° C.
Tail Current Measurement
K + channel reversal potential (E^) and inward Ca 2+ current were measured by use of tail currents elicited by repolarization to a constant holding potential after a step potential. Measurement of current at a fixed repolarization potential effectively eliminated changes in driving force (E m -'E TCV ), and the amplitude of the tail current should be proportional to the number of channels opened at the preceding step.
Statistical Analyses
Student's t test was used for examination of differences between data sets, with the significance level being/?<0.05. The relations between the time constants of the outward current and extracellular Ca 2+ concentration or membrane potential were determined by comparison of linear regressions of the plotted data sets. Experimental values were expressed as mean±SEM, where n equals the number of cells examined. FIGURE 
Morphology of freshly isolated single coronary smooth muscle cells of dog. Panel A: Scanning electron micrograph of a single coronary smooth muscle cell. Note forked tip at left, which may facilitate interdigitation in tunica media of vessel. Panel B: Close-up view of cell between arrows in panel A. Membrane surface is characterized by spirally oriented ridges, which may indicate sites of actin attachment. Small nodules on membrane may be adhered protein native to membrane for anchoring to other cells.

Results
Cell Appearance and Contractility
The enzyme treatment released many single relaxed coronary smooth muscle cells. The cells were roughly fusiform, appearing as flattened cylinders averaging 96.4±1.7 /im long by 7.1±0.3 jim wide (rc=47) ( Figure 1A ). They had longitudinal striations, forked tips, and a 90° bend at their midpoint. The forked-tip projections are similar to the fingerlike ramifications described by Forbes 26 in dog coronary smooth muscle cells thought to allow interdigitation of the cells in the tunica media of the vessel. Scanning electron micrographs at high magnification revealed a helical pattern of ridges in the cell membrane ( Figure IB) . These ridges may indicate sites of actin attachment to the membrane, 27 perhaps facilitating helical shortening of the cell. 28 Superfusion with 100 mM K + produced a visible shortening in 77% of the cells (Figure 2A ). The mean reduction in cell length was 6.8±1.7% («=13, p<0.05). Those cells exhibiting the greatest degree of shortening appeared somewhat opaque under standard light microscopic illumination. Cells with a "ghostlike" swollen appearance contracted little or not at all. Extracellular application of small amounts of 10" 2 M ACh through brief ejection from a micropipette in proximity (5-10 ^,m) to the cell membrane (actual membrane concentration after diffusion in the superfusion stream was unknown) caused 67% of cells with a healthy appearance to shorten to some extent. The degree of cell shortening ranged from 1% to 31% of initial cell length with a mean of 11.8+1.9% (n=51, p<0.05) ( Figure 2B ). The ACh contractions of isolated dog coronary smooth muscle cells were often greater in the region of the cell proximal to the delivery pipette. Relaxation from ACh contracture usually required many minutes (up to 30) and was never complete due to the lack of resting tension normally imposed on the cell by the intact vascular wall.
Passive Membrane Properties
Microelectrode impalement of a single coronary smooth muscle cell invariably caused the cell to develop membrane blebs and subsequent hypercontraction. The fragility of the cells made microelectrode recording extremely difficult, and successful impalements could not be maintained for more than 5-10 seconds on the average (Figure 3 ). Those cells that were successfully penetrated yielded a mean resting membrane "potential of -50.7±1.0 mV (n=43). Only penetrations yielding a stable, negative potenTialtor at least 5 seconds were useful. The resting membrane potential of these single cells averaged slightly less than that reported from whole-tissue microelectrode measurements (-57 mV, Harder and Sperelakis 29 ; -55 mV, Mekata 30 ).
Membrane input resistance as measured by the suction pipette method was calculated using the Outward Membrane Currents Cells were voltage clamped and internally perfused with KPO 4 solution with suction pipettes of 1-1.5 Mfl resistance as measured in standard Tyrode's solution. After formation of a highresistance seal of > 1 Gft and rupture of the membrane within the pipette, cells usually remained relaxed for the course of an entire experiment (up to 3 hours). Depolarizing voltage steps from a holding potential of -90 or -60 mV to -50 mV and higher elicited an initial jump in current whose time course could not be resolved with a sampling rate of up to 50 ^sec. This outward current component, which was not seen at negative voltage steps (Figures 4A, 4B, and 4D) and remained after leak subtraction ( Figure 4C 
Effects ofK + Channel Blockers
Extracellular application of TEA (20 mM) depressed total outward current at 50 mV from an Figure 5A illustrates one such experiment. Expended traces to the left were elicited by a step potential to 50 mV showing predominant TEA effect on I t . I-V plots to the right indicate that the effect of TEA on I, was more uniform over the potential range from 0 to 50 mV, whereas that on I t (Itoui~Ii) w a s strongest at positive potentials. Replacement of intracellular K + with Cs + reversibly reduced total K + current at 50 mV from a mean of 18.1 ±2.2 to 6.7±1 nA, a drop of 63.0% (rc=4). The time-independent component I, was reduced by Cs + from 8.48±1.3 to 0.78±0.42 nA at 50 mV, a reduction of 90.8% («=4). Cs + j did not block all of I, at strong positive potentials even after prolonged intracellular dialysis ( Figure 5B ), although the effect could be readily reversed (not shown), suggesting a limited permeation of I, to Cs + |. Contrary to the TEA effect, Cs + j was more specific on Ij.
Extracellular Ba 2+ (10 mM) reduced total outward current at 50 mV from 15.0±3.6 to 2.4±0.9 nA, a depression of 84.0% («=3). The instantaneous component of the outward current was reduced from a control value of 6.2±4.1 to 0.4*0.2 nA, a reduction of 93.5% (n=3). The effect of Ba 2+ was the least specific, strongly reducing both Ij and I, ( Figure 5C ).
These results are consistent with blockade of potassium channels.
An Inward Ca 2+ Current?
Besides the large outward K + currents seen during the step, a slowly decaying inward tail current consistently appeared on step termination. This inward tail was not a K + current, as it persisted inward at holding potential positive to E^ (up to -40 mV). The most convincing evidence for an inward current was provided by the TEA and Cs + experiment of Figure 6 . In either case, as the K + currents were reduced, the inward tail current became more inward, whereas if K + currents were absent, such as at -40 mV ( Figure 6A ), the tail current remained unchanged, suggesting that these agents preferentially blocked only the K + currents. The data emphasize that the tail current is a current system independent of the K + currents.
The inward tail was carried by Ca 2+ since these experiments were performed in sodium-free solutions, both external and internal. Figure 7A illustrates removal of external Na + , which produced minimal effect on the time-dependent tail, whereas removal of external Ca 2+ completely and reversibly abolished the inward tail current (n = 12) (Figaro 7B). Thus, the tail is not carried by K + or Na + but is carried predominantly by Ca 2+ . As will be shown later, the inward Ca 2+ tail current was reduced by -20 or 0 mV holding potential or by Co 2+ application and was enhanced by Bay K 8644. Thus, the current has some properties similar to the L-type Ca 2+ channel. Obviously, it would be important to resolve the Ca 2+ current associated with the inward Ca 2+ tail during the step. But the presence of the fast (I,) and large (I t ) outward K + currents even in Cs + | ( Figure 5B ) have so far prevented us, except on rare occasions, from recording this inward Ca 2+ current consistently. Consequently, the inward Ca 2+ tail current was used to monitor Ca 2+ influx in this study.
K* Current Reversal Potential
The presence of a slow inward Ca 2+ tail current complicates measurement of E^. Hence, E^ was measured either in Ca 2+ -free solutions with equimolar Mg 2 * or, less frequently, in Ca 2+ -containing solutions with 1 mM Co 2+ . Figure 8A illustrates an actual experiment in which the polarity of the tail currents-both the time-dependent (I t ) and instantaneous (I,) components-were found to be strongly dependent on extracellular K + concentrations (Figure 8B) . The relation of E^ versus [K + ] o had a slope of -51 ±1 (r=0.94, n=4,p<0.05) ( Figure 8C ), which was not significantly different from that of the estimated Nerast slope (-58) for a K + selective channel. One peculiar feature of this plot is that the measured E^ slope is about 30 mV more positive than the calculated one. The reason is not clear but may reflect contamination by divalent cation permeations.
High Sensitivity of Outward K* Current to [Ca 2+ ] o
The amplitude of total K + currents (Ij + I,) depended closely on extracellular Ca 2+ concentration. When Ca 2+ O was varied between 0 and 0.3 mM, total K + current increased from 3.6±1.4 to 14.4±3.5 nA (rc=7,/?<0.05) at the 80-mV step, an increase of 300% ( Figures 9A and 9B ). Above 0.3 mM Ca 2+ , no further increase occurred; in fact, the outward current frequently became smaller in 1 mM Ca 2+ O , probably reflecting interference from the slow inward Ca 2+ current as suggested by an increase in inward Ca 2+ tail current (see bottom trace of Figure 9A ).
Increase in Outward K* Current by Elevation of Internal Ca 2 *
The external Ca 2+ effect depicted in Figure 9 could be mediated through Ca 2+ binding to intracel- lular sites; if so, intracellular pcrfusion with low levels of Ca 2+ should mimic the effect of external Ca 2+ increase. We tested this hypothesis by diab/zing the intact cell first with KPO 4 solution containing only 10 mM EGTA (Ca 2+ concentration less than 10~8 M). To minimize external Ca 2+ influx, we added 5 mM Co 2+ to the Na + -free 2-mM Ca 2+ external perfusate, which reduced the tail current and the outward currents substantially (see Figure  15B ). Then internal perfusate on the same cell was replaced with perfusate containing 10 mM EGTA, 6.5 mM Ca 2+ (Ca 2+ concentration about 5xlO~7 M; see "Materials and Methods"). Within 2 minutes, outward K + current increased from 5.5±1.8 to 11.5±2.7 nA (n=4) at 80 mV, an increase of 109%; at lower potentials such as 0 mV, the increase was even greater, to about 500% (0.52±0.2 to 3.1±1.3 nA, rc-=4), all without obvious change in kinetics, and both I, and I, were increased ( Figure 10A ). Prolonged exposure to high internal Ca 2+ further increased the current, which reached plateau maximum within 10 minutes, and the activation time course became significantly faster ( Figure 10B ). Accompanying these changes, the holding current also shifted outward. In all cases, partial recovery was obtained upon dialysis of the cell with the original 10 mM EGTA-Ca 2+ -free internal solution ( Figure 10B ). Figure lOCdepiGts net Ca 2+ ,~sensitive K + current (difference current of Figure 10A ) and shows, at least initially, that the Ca 2+ r sensitive component had a time course and I-V relation similar to Ij and I,. These experiments indicate that 1) elevation of intracellular Ca 2+ to submicromolar levels produced a pronounced enhancement of K + currents, suggesting their Ca 2+ binding site is accessible intracellularly; and 2) chronic elevation of intracellular Ca 2+ revealed no additional current types ( Figure 10C ). The fast time-dependent current seen at prolonged dialysis could reflect a change of kinetic property of I t , which, probably due to saturation of its binding site with Ca 2+ ,, could be activated much faster and stayed partially activated even at rest, as suggested by the outward shift in holding current.
Two Types of K + Channels?
Thus far, only two kinetic distinct components of K + currents, l t and I o have been found, regardless of external or internal Ca 2+ level tested. The important issue now is to determine if these components represent currents through different types of K + channels. The following results argue for the existence of two types of K + channels. /, and I, had different sensitivity to Ca 2+ O . On examination of the current traces shown in Figure  9A , it is evident that in 0.03 mM Ca 2+ (second trace from top), Ij, the instantaneous jump in current, had already increased significantly whereas I, remained relatively unchanged until 0.07 mM Ca 2+ . Accumulated data (n=l,p<0.05) shown in Figure 9B illustrates that the amplitude of Ij reached saturation at external Ca 2+ as low as 0.01 mM and remained relatively saturated up to 1 mM. On the other hand, I,, seen as the difference between Ij and the total outward current ( Figure 9C /, and I, were activated by Ca 2+ U through different membrane pathways. To define if Ij and I, were activated by Ca 2+ entering through an inward Ca 2+ channel (seen in this study as the inward Ca 2+ tail current), we used the typical Ca 2+ channel antagonist Co 2+ and the agonist Bay K 8644. Figure 11 illustrates that I f was consistently less sensitive to either Bay K 8644 (0.1 nM) or Co 2+ (5 mM). Bay K 8644 increased I, by 18.0% (fl=9). Co 2+ increased I, by 3.2% (n=5) (Figure 11 ). In contrast, these drugs had a strong effect on I,. Bay K 8644 increased I t from 6.77±0.76 to 10.69±1.5 nA, an increase of 57.9% (n=9), with concomitant increase in the Ca 2+ tail current. Co 2+ had the opposite effect by decreas-ing I t by 62.3%, from 7.99±0.7 to 3.01 ±0.94 nA (n=5); this decline was accompanied by a similar decrease of the Ca 2+ tail current. Positive holding potentials of up to 0 mV had similar inhibitory effects on I, and the tail, but not on I, (Figure 15A ). In the absence of the inward Ca 2+ tail current, such as at positive holding potential of 0 mV, neither drug had any significant effect on the K + currents (not shown). These data strongly suggest that the effects of Bay K 8644 and Go 2+ on I, were secondary to their direct effect on the inward Ca 2+ flux. Thus, while I| and I, were both sensitive to external Ca 2+ , I, was found to be strongly modulated by Ca 2+ through an inward Ca 2+ channel. On the other hand, I, may be predominantly activated by Ca 2+ through other membrane pathways yet to be identified. // and I, differed in amplitude and time course of activation. l t was small; in 0 to 1 mM Ca 2+ 0 , its maximal amplitude at 80 mV averaged 2.5±0.3 nA. I, was about four times larger; its maximal amplitude at 80 mV in 0.3 mM Ca 2+ averaged 11.9±3.1 nA (n=7,p<0.05) ( Figures 9B and 9Q . Kinetically, I, was always seen as an instantaneous jump in current upon step depolarization at sampling rates up to 50 fisec; its time course of activation must therefore be extremely fast, and no attempt was made to analyze it in this study. However, I, was clearly time dependent; in Tyrode's solution, activation half-time at 80 mV step measured 21.3±2.7 msec (rc=42). K + channel blockers had differential inhibitory effects on /, and / r In support of the results already shown, TEA was found to preferentially reduce I, by 63.3% at strong positive potentials while producing much less depression (7.6%) on I,. Internal Cs + , on the other hand, depressed I, most strongly (90.8%) but produced moderate inhibition on I, (39%). Ba 2+ , at 10 mM, depressed I ; and I t almost equally well ( Figure 5 ).
These results, taken together, clearly support the view that the time-independent (Ij) and timedependent (I t ) currents are through two distinct K + channels.
Multiple Activation Kinetics of I,
Curve-fit analysis of I, indicated that this current was activated with a biexponential time course ( Figure 12A ). Extrapolation to zero-time intercept showed that the amplitude of the fast phase was smaller; at 80 mV, it was 2.2+0.2 nA in 0 Ca 2+ but increased to a peak of 5.15±0.4 nA in 1 mM Ca 2+ . The slow phase was larger; at the 0 and 1 mM [Ca 2+ ] 0 , it measured at 3.2±0.9 and 6.8+0.8 nA, respectively. Thus, the fast and slow phases of I, were similarly sensitive to Ca 2+ O , increasing by factors of 2.34 and 2.13, respectively, over this range ( Figure 12B ) (/i=7,p<0.05). The relation of the fast phase with external Ca 2+ was steepest at 30-100 fiM range with a slope of 2.49 and halfmaximal current at 49.2 yuM Ca 2+ O ; the corresponding values of the slow phase were similar at 2.11 and 48.4 fiM (Figures 12C and 12D) .
Activation Kinetics of I, Were Insensitive to Voltage Changes in Ca 2+ O -Free Solutions but Became Voltage Sensitive in Ca 2 *-Containing Solutions
Although the amplitudes of the fast and slow phases of I, differed by about 30% (Figure 12B) , their time constants differed greatly. For example, curve-fit analyses showed that at 80 mV in 1 mM Ca 2+ o, the respective time constants were 4.1±0.9 and 27.6+3.1 msec (n = 12) ( Figures 13B and 13C) , a difference of 600%.
An unexpected observation is that in an external solution of 0 Ca 2+ and 1 mM EGTA, the firhe constants of both phases of I, remained relatively unchanged at different voltage steps. This point is best illustrated in Figure 13A , which shows superimposed current traces elicited at two voltage steps, 10 and 80 mV, in 0 Ca 2+ O solution and then in 1 mM Ca 2+ 0 solution. After scaling the 10-mV current to match the 80-mV current, it is apparent that the Ca 2+ 0 -free traces are almost perfectly superimposable in spite of the 70 -mV difference in step potential; that is, there is very little voltage dependence. However, as Ca 2+ 0 was increased, for example, to 1 mM, a clear discrepancy appeared between the two current traces. Figures 13B and 13C illustrate the relation of time constants with step potentials in Ca 2+ -free and 1 mM Ca 2+ external solutions, respectively. Regression analysis showed that the slopes of the fast and slow phases increased in steepness by factors of 3.28 and 3.85, respectively, in the presence of 1 mM Ca 2+ . Figure 14 further illustrates that at 50 mV, the change of activation time constant with log [Ca 2+ ] o was a linear function with slopes of -1.92 (r=0.82) for the fast phase and -14.4 (r=0.95) for the slow phase.
Interestingly, like the Ca 2+ -induced change in I, amplitude, the Ca 2+ -induced change in I, time course ( Figure 14 ) seen at various voltage steps ( Figure 13 ) was found also to be strongly dependent on the presence of the inward Ca 2+ tail current. Figure 15 shows that upon elimination of the Ca 2+ tail current, such as by use of a positive holding potential (0 mV) or by application of Co 2+ , all voltage-dependent kinetic changes disappeared ( Figures 15A and 15B) . Conversely, if Ca 2+ current was augmented by Bay K 8644, the reverse occurred ( Figure 15Q .
Besides showing that I, kinetics are modulated in a complex way by Ca 2+ and voltage, these experiments also stress that the slow and fast phases are integrals of I, since both their amplitudes ( Figure  12B ) and their time courses (Figures 13 and 14) are similarly affected by Ca 2+ and voltage. Therefore, under conditions specified here, there are only two types of K + currents: Ij and I t . The allosteric Ca 2+ binding site of I, is likely to be located intracellularly and, when occupied by Ca 2+ permeating either through an inward Ca channel or an internal perfusion pipette, can profoundly promote channel conductance and rate of activation.
Discussion
This study is the first attempt to characterize electrophysiological properties and the outward K + currents in freshly isolated single coronary smooth muscle cells. The main findings are 1) the characteristics of isolated coronary smooth muscle cells are comparable with those of intact tissues and other types of isolated smooth muscle cells; 2) whole-cell K + currents are very large and can be clearly separated into two types, I, and I,; 3) both I, and I, are strongly increased by submillimolar extracellular or submicromolar intracellular Ca 2+ ; and 4) I,, in both its amplitude and kinetics, is found to be specifically modulated by Ca 2+ that gained intracellular entry through an inward Ca 2+ channel.
Isolated Single Cells
In recent years, due to the development of successful cell isolation techniques, single smooth muscle cells have been used extensively for the measurement of ionic currents. 7 -13 In this study, the single coronary smooth muscle cell has the appropriate size and shape expected for a smooth muscle; its resting potentials are comparable with intact coronary tissues 21 and isolated smooth muscle cells of other types. 9 -11 These single cells have high membrane input resistance of about 300 Mft, which is in the same range as the rabbit portal vein 14 and toad stomach cells. 7 The averaged membrane capacitance of 32 pF is also close to the 21.2 pF reported for portal vein cells. 14 Here, we also show that these isolated coronary smooth muscle cells contract in response to external application of ACh or high K + (Figure 2) , indicating that the enzymatic digestion may have minimal effect on the membrane receptor characteristics.
K + Channel Conductances in Coronary Smooth Muscle Cells Are Large and Few
Compared with other smooth muscle tissues (see Tomita 31 for reviews), whole-cell K + currents of the coronary smooth muscle cells are very large, with current density of 376.5 jiA/cm 2 . Such strikingly large current density has not been reported in other isolated smooth muscle cells except those of toad stomach measured with the two-microelectrode voltage-clamp technique. 8 -32 So our observation is not an anomaly but may reflect a genuine characteristic of the coronary smooth muscle cell. Also, the types of K + channels are few, consisting of only two, I, and I t . Since the standard internal perfusate contained 10 mM EGTA, it is likely that some cytosolic Ca 2+ -activated cuirent could have been eliminated. However, elevation of intracellular Ca 2+ to 5X10" 7 M induced no additional current except that I, and I, became larger. Perhaps in our internal perfusion conditions all Ca 2+ transients were effectively eliminated, making the transient currents (!",, and Inoa) difficult to detect. For determination of whether these currents exist in coronary smooth muscle cells, it would be necessary to use nonperfused microelectrode-impaled cells.
Time-Independent K + Current, I h of Coronary Smooth Muscle Cells
Ii, the instantaneous whole-cell current of coronary smooth muscle cells, is small, contributing about 20% to the total K + current, and very sensitive to [Ca 2 *],,. It bears strong resemblance to the background current recently reported by Hume and Leblanc 14 on rabbit portal vein. Both are instantaneous, have almost ohmic conductance from -160 to 0 mV, th*&shold potential of near -50 mV, and high sensitivity to external Ca 2+ . The only difference is that the background current of rabbit portal vein is insensitive to internal Ca 2+ and is completely abolished by 20 mM TEA, whereas I( is very sensitive to the former (Figure 10 ) but is less affected by the latter ( 
Time-Dependent K + Current, I,, of Coronary Smooth Muscle Cells
I, is the larger K + current, accounting for up to 80% of the total current. A small amount of it is present in Ca 2+ -free external solutions but can be increased by more than threefold in 0.3 mM Ca 2+ O . In this respect, it is similar to the large conductance channels (200-270 pS at symmetrical K + ) reported in many tissues (for reviews, see Latorre and Miller 33 and Tomita 31 ). In particular, it bears strong resemblance to the large-conductance K + channel of toad stomach cells 8 in terms of current density, external TEA, and Ca 2+ sensitivity.
Unlike Ij, I, amplitude is strongly dependent on the presence of the inward Ca 2+ current (seen in this study as the inward Ca 2+ tail current). Conditions that reduced (0-mV holding potential or 5 mM Co 2+ ) or augmented (0.1 ^M Bay K 8644) the inward Ca 2+ tail current also changed I, accordingly, not only its amplitude (Figure 11 ) but also its time course (Figure 15 ). Moreover, the external Ca 2+ at which I, began to increase coincided with the range at which the inward Ca 2+ channel current was expected to appear ( Figures 12C and 12D) , 34 further reinforcing the idea that I t is potentiated by Ca 2+ through the inward Ca 2+ channels. In this respect, I, is most comparable to the toad stomach K + currents 8 Ca 2+ O , the slope is close to 2.5 ( Figures 12C and  12D) . Interestingly, the steep relation of I, with extracellular Ca is similar to the K + current relation with intracellular Ca 2+ reported for cultured skeletal muscle 35 and snail neurons, 36 in spite of a close to 300-fold difference in Ca 2+ concentration. This suggests that in these studies, the same type of Ca 2+ -sensitive site was examined, though from different sides of the membrane.
The power function relation could be interpreted as meaning that the I, channel requires at least two Ca 2+ ions to bind to the site cooperatively before it can be opened; once opened, Ca 2+ could further prolong its single-channel open time. This has been demonstrated in single K + current recording of cultured rat muscle cells. 35 The relation of I, to Ca 2+ , has not been established, nor do we know the precise amount of intracellular Ca 2+ required for maximal current activation. However, according to the internal Ca 2+ perfusion experiments, the latter could be in the 5 x 10~7 M range, since currents at such a Ca 2+ level attained an amplitude roughly equal to the maximal current amplitude observed at 0.3 mM and higher external Ca 2+ . This value compares favorably with the 1 fiM reported for excised patches of cultured rat muscle 15 and toad stomach cells. 18 Thus, in coronary smooth muscle cells, the Ca 2+ sensitivity of I, across the membrane differs by three orders of magnitude.
The activation kinetics of I t are complicated in that it consists of at least two activation phases, regardless of external Ca 2+ concentration. One interpretation of this finding is that the channel has two or more open states, much like that reported for the Ca 2+ -activated K + channels of cultured rat muscle, 35 or rabbit jejunum and guinea pig mesenteric artery in high Ca 2+ ,.' 9 The pronounced effect of Ca 2+ on I, activation kinetics that also became voltage dependent in Ca 2+ O (Figure 13 ) is very interesting, especially when such an effect, as that on I, amplitude (Figure 11 ), was found also to be mediated by the inward Ca 2+ current activity ( Figure 15 ). This Ca 2+induccd gating sensitivity to voltage change is somewhat analogous to the situation of the Ca 2+ -induced Ca 2+ channels inactivation, a yet unknown Ca 2+gating interaction. 37 One simplistic view on this could be that the intracellularry located Ca 2+ binding site of I t in Ca 2+ -free conditions is relatively neutral, exerting no influence on the activation gate. But as the site is occupied, probably by two or three Ca 2+ ions via the inward Ca 2+ channels, it becomes charged. This extra charge, if located within the membrane electric field, could directly influence the activation gating machinery or indirectly influence it by alteration of Ca 2+ distribution around the Ca 2+ binding site of the K + channel. 38 
Possible Physiological Role ofK + Channel of Coronary Smooth Muscle Cells
K + current is by far the largest current in coronary smooth muscle cells. Because of its high sensitivity to external Ca 2+ , under physiological conditions I; would be activated beginning at -50 mV or more negative potentials. Since there are no detectable inward rectifying K + currents ( Figures  4A and 4B ) in these muscle cells, the impedance would be high in this potential range; I,, though small, would therefore exert a strong influence to set the resting membrane potential under steadystate conditions. I t , on the other hand, is large and is closely regulated by the inward Ca 2+ channel activity. As Ca 2+ current is activated, I, would be strongly potentiated, reaching full amplitude faster at more positive potentials; in so doing, it would directly antagonize Ca 2+ -channel-promoted membrane depolarization, causing hyperpolarization and rendering the cell electrically unexcitable. These channels, working in conjunction, may thus function as important protective mechanisms against tonic and phasic depolarization of the coronary smooth muscle cells, serving perhaps a crucial role in the prevention of coronary vasospasm.
